Objectives: We aimed to estimate the prevalence of abuse in young children presenting with rib fractures and to identify demographic, injury, and presentation-related characteristics that affect the probability that rib fractures are secondary to abuse.
R ib fractures, particularly posteromedial rib fractures, in young children are reported to have high specificity for child abuse. 1, 2 Although uncommon, rib fractures in this age group have also been attributed to accidental trauma mechanisms, including motor vehicle crashes (MVCs), accidental household trauma, and birth trauma. 3 In addition, rib fractures have been documented in the absence of a history of significant trauma in children with a variety of bone diseases, such as osteopathy of prematurity and osteogenesis imperfecta. [3] [4] [5] Determining the etiology of rib fractures in young children can be challenging for the clinician.
Associations between specific rib fracture locations or features and likelihood of abuse have been widely reported in the literature. In particular, posterior and posteromedial rib fractures have been reported to have a higher specificity for abuse than rib fractures in other locations. 1, 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The articles commonly cited to support this association are, however, at least 25 years old and/ or rely on data from case series studies using postmortem examinations of abused children and do not compare the characteristics of rib fractures from abuse to the characteristics of rib fractures from accidental trauma. [7] [8] [9] [10] [11] [12] [13] [14] [15] There is a reason to suspect that there may be changes in the type and number of rib fractures attributed to abuse and accidental injury mechanisms over time as there have been advances in the evaluation and diagnosis of child abuse over the past 25 years. Child abuse is a relatively new field; many pediatric centers did not establish child abuse programs until after 1990. [16] [17] [18] Furthermore, in 2011, recommendations from the American College of Radiology and the American Academy of Pediatrics changed to include oblique rib views as part of the standard skeletal imaging in cases of suspected physical abuse in young children. [19] [20] [21] Hence, comprehensive examination of recent literature is needed to better understand the characteristics of rib fractures associated with abuse versus other etiologies.
Therefore, we performed a systematic review of contemporary research articles to estimate the prevalence of abuse in young children presenting with rib fractures and to identify demographic, injury, and presentation-related characteristics that affect the probability that rib fractures are secondary to abuse. We included children up to age 5 years in our review, acknowledging that, although most abusive fractures occur in infants and young toddlers, abusive fractures have also been reported in preschool age children. 5, [22] [23] [24] [25] [26] To provide a more complete understanding of the prevalence of abuse in different subpopulations of children with rib fractures, we present the proportions of children with rib fractures diagnosed with abuse in each study as well as details of the study population and study methods.
METHODS

Search Strategy
As previously described by our research group, 27 a systematic review of the literature on abuse in children with fractures was performed using a prespecified protocol with inclusion/exclusion criteria (available upon request). The present study includes the subset of articles providing information on rib fractures (Fig. 1) . Using the table of search terms provided in Supplemental Digital Content 1 (http://links.lww.com/PEC/A135), we performed a search for studies published in English between January 1990 and June 2014 in the PubMed/MEDLINE and CINAHL databases. Search terms related to both accidental trauma and abuse were included to avoid bias toward studies focused on abusive rib fractures. Additional studies were identified by reviewing reference lists of articles identified through the database searches. We selected a cutoff date of 1990, as there have been significant changes in the field of child abuse pediatrics during the past 25 years, and the evaluation and diagnostic practices have improved. [16] [17] [18] 
Study Selection
We included randomized controlled trials (RCTs), prospective non-RCT studies, and retrospective data analyses, but excluded reviews, surveys, editorials, and textbooks. Studies were included if subjects were 5 years or younger or if the data for the subset of children 5 years or younger could be extracted. Studies reporting data on fewer than 10 children 5 years or younger with rib fractures were excluded, as such a small sample size would provide unstable study-specific estimates. Methodologically weak studies, characterized by significant bias in selection of subjects (eg, if a study required that a child be abused to be included in the study or only included cases evaluated by the author for medical legal review) or that did not allow for extraction of adequate data were excluded. We excluded studies that a priori included only children with rib fractures from either accidental mechanisms or abusive mechanisms, as these studies do not provide information on the prevalence of abuse or allow for calculation of the study-specific sensitivity and specificity of characteristics for abuse. Studies were not excluded if rib fractures from both abusive and accidental mechanisms could have met inclusion criteria, even if all of the included cases were from abuse. Exclusively postmortem studies were also excluded as they do not provide information on the prevalence of abuse in the general population of children presenting for care. Study titles and abstracts were screened by one of 5 reviewers (JW, OF, MFR, VM, or KK), and nonrelevant studies were eliminated (Fig. 1) . Two reviewers (JW and OF, VM, KK, or CP) assessed the full articles of relevant studies for eligibility in an unblinded, standardized manner, with disagreements resolved by consensus.
Data Extraction, Assessment of Methodological Quality, and Analysis
Two reviewers (JW and KM or CP) independently extracted the following data from each included study using a standardized form: (a) study population characteristics [subject ages, type(s) of fractures, location of study, and dates of study], (b) inclusion and exclusion criteria for subjects, and (c) number of fractures attributed to abuse versus accidental mechanisms or medical disease in the overall study population as well as study subpopulations. The 2 reviewers independently rated the overall study methodology using the scale from A to D (Table 1 ). The reviewers also rated the methodology that each study used to determine whether an injury was caused by abuse. The scale applied was adapted from one published by Maguire and colleagues, 28 which assigns the highest rank (1) to studies requiring that abuse be either confirmed at a child abuse case conference or civil or criminal court proceedings, admitted by a perpetrator, or witnessed. The lowest rank (5) was given to studies providing no stated criteria for categorizing cases as suspected abuse. Finally, the 2 reviewers evaluated risk of bias by assessing whether (a) the study population was representative of the general population of children 5 years or younger with rib fractures (eg, Is the study population a subgroup of the children that met inclusion criteria? Did the study include all young children with rib fractures, or only the subgroup evaluated for abuse, prematurity, etc?) and (b) the selection criteria used were clearly presented in the article. Disagreements between reviewers were resolved through discussion and consensus.
For each cross-sectional and cohort study, the prevalence of abuse in young children presenting with rib fractures was calculated with 95% confidence intervals (CIs) from the reported data. The study-specific sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio of subjects' demographic and clinical characteristics for abuse were also calculated with 95% CIs where possible. The 95% CIs for the likelihood ratios were computed using the formulae described by Simel and colleagues. 29 All other analyses were performed using Stata 12 (StataCorp, College Station, TX).
RESULTS
Description of Studies
The database search and reference review identified 7599 nonduplicate citations, of which 395 were deemed relevant after review of the titles and abstracts. Ten studies on rib fractures met inclusion criteria for this review. [3] [4] [5] 22, [30] [31] [32] [33] [34] [35] Data for 1396 children aged 0 to 48 months with rib fractures were abstracted from the 10 articles (Table 2) . None of the studies included data on children aged 49 to 59 months with rib fractures. All of the included articles presented data from retrospective studies. Six articles judged to have clearly defined data sources and criteria received a methodology rating of C, 3, 22, [31] [32] [33] [34] and the remaining articles received a rating of D. 4, 5, 30, 35 Abuse determination methodology varied among studies. A single study required that the determination of abuse be made by the site's Child Protection Unit and Suspected Abuse and Neglect Team, which included representation from the hospital child abuse protection pediatrician and social worker as well as from the local child welfare and police agencies. This study was assigned a methodology rating of 1 for child abuse determination. 4 Three articles reported the specific case-based criteria used to make a determination of child abuse and received a rating of 3a or 3b. 3, 32, 34 The remaining 6 received abuse determination ratings of 4 or 5.
5,22,30,31,33, 35 Leventhal et al used International Classification of Diseases, Ninth Revision E-codes to identify young children with abusive rib fractures, an ascertainment method shown to have high specificity for abuse. 22, 36, 37 Nonetheless, the abuse diagnosis criteria remain unclear with this method; thus, the study received a rating of 4.
All 10 studies included infants, but the upper age limit ranged from 12 to 48 months among the studies. There were variations in the inclusion and exclusion criteria used in subject selection, particularly with respect to possible etiologies of the rib fractures. Five studies included children with rib fractures from any possible etiology, [3] [4] [5] 22, 30 although one of these studies excluded birth-related hospitalizations. 22 Two studies excluded children with rib fractures caused by bone disease. 32, 34 Two casecontrol studies excluded cases if a clear determination of abusive or accidental trauma could not be made 34, 35 ; one of these only included cases evaluated in the emergency department or inpatient setting. 34 In addition, the study by Lucas-Herald and colleagues 33 focused solely on infants born at less than 37 weeks gestation and excluded patients with rib fractures attributed to thoracotomy surgery. We chose not to perform a meta-analysis due to the heterogeneity of study populations and methodologies.
Abuse Prevalence in Young Children With Rib Fractures
The study-specific prevalence of abuse for the 2 studies providing data on children younger than 36 months with rib fractures from any reported etiology ranged from 61% to 82% ( Fig. 2A) . 5, 22 Among studies reporting data on children younger than 36 months with rib fractures not attributed to underlying bone disease, study-specific abuse prevalence ranged between 64% and 100% (Fig. 2B) . 31 ,32 28 Assessment by multidisciplinary hospital-based child protection team as part of routine clinical care did not qualify as multidisciplinary assessment. † Includes studies relying on International Classification of Diseases, Ninth Revision and E-codes for abuse in administrative data sets and studies relying on diagnoses of abuse made by clinical teams without providing specific criteria by which those diagnoses were made.
Among children younger than 24 months with rib fractures from any reported etiology, the prevalence of abuse across 3 studies ranged from 34% to 83%. 4, 22, 30 Among studies reporting data on children younger than 24 months with rib fractures not attributed to MVC, study-specific prevalence of abuse ranged from 36% to 94%. 4, 30 Further restriction of study cohorts to children younger than 24 months with rib fractures not attributed to bone disease or MVCs produced abuse prevalence estimates ranging from 67% to 100%. 4, 30 Focusing on data specifically for infants younger than 12 months resulted in a prevalence of abuse of 67% to 82% if MVCs and bone disease were included, 3, 22 and a point prevalence estimate of 91% if MVCs and bone disease were excluded. 3 In a study of 26 ex-preterm infants younger than 12 months with rib fractures, Lucas-Herald and colleagues 33 found that most were noted to have rib fractures during their birth hospitalization and 18 had osteopathy of prematurity. Among the 7 infants with rib fractures diagnosed postdischarge, 4 (57%) were suspected to be due to abuse. These results are not generalizable to nonpremature infants.
The single study that allowed for separate analyses of the data for children 12 to 23 and 24 to 35 months old produced estimates of 29% and 28%, respectively, for the abuse prevalences in these age groups. 22 
Demographic Characteristics Associated With Abuse Determination
Three studies provided data on children with rib fractures that allowed for analysis of the association between demographic characteristics and likelihood of abuse. Age younger than 18 months, particularly younger than 12 months, was associated with increased likelihood of abuse in 3 studies (Table 3) . Table 1 for description of the ranking scales. Some studies used multiple different methods to define cases of abuse or suspected abuse and therefore received more than one ranking. † Presents whether the study population is representative of children with rib fractures. ‡ The data presented are for the relevant subset of a larger study population which may have included children with other types of injuries, other ages, and/ or from other periods. This assumes that all 7 children with rib fractures due to child abuse were younger than 36 months according to the statistics reported. The authors do not report a clear breakdown by age.
Male gender was not associated with the likelihood of abuse in the single study examining this association. 34 
Rib Fracture Characteristics Associated With Abuse Determination
Four studies included data on characteristics of rib fractures in children that permitted analysis of associations with likelihood of abuse (Table 3 ). In the study by Bulloch and colleagues, 3 the presence of posterior rib fractures was not associated with the likelihood of abuse. Cadzow and Armstrong 4 reported that anterior rib fractures were associated with increased likelihood of abuse, lateral rib fractures were associated with decreased likelihood of abuse, and posterior rib fractures were not significantly associated with likelihood of abuse. Associations in the study by Cadzow and Armstrong, however, were based on the number of individual fractures in each location rather than the number of children with rib fractures in those locations. This approach may have given a few children with many abusive anterior rib fractures more weight in the likelihood calculations. Therefore, we did not include these results in Table 3 .
In a study by Strouse and Owings 30 of 35 children with rib fractures, 3 of the 4 first rib fractures identified among the main study cohort were attributed to abuse, but the association of a first rib fracture with abuse did not reach statistical significance. Darling and colleagues 34 reported that healing rib fractures, bilateral rib fractures, and a greater number of rib fractures (mean ± 1 standard deviation: 5.55 ± 4.24 vs 3.11 ± 2.52, P = 0.025) were associated with increased likelihood of abuse, but no other studies examined these associations. In the same study, only abused children had concurrent acute and healing rib fractures, but this finding did not reach statistical significance. 34 
Presence of Additional Injuries and Abuse Determination
Cadzow and Armstrong 4 did not find an association between the presence of additional injuries and the likelihood of abuse. Darling and colleagues 34 found that extrathoracic, non-skull fractures and retinal hemorrhages were associated with increased likelihood of abuse, but intrathoracic injuries were associated with decreased likelihood of abuse. The following were not significantly associated with likelihood of abuse in this study when present in addition to rib fractures: non-rib thoracic cage (clavicle, scapula, sternum, and thoracic spine) injuries, intra-abdominal injuries, intracranial injuries, and skull fractures. 34 
DISCUSSION
We identified 10 retrospective studies providing data on prevalence and/or characteristics associated with abuse among young children with rib fractures. The prevalence of suspected or confirmed abuse among children younger than 36 months presenting with rib fractures varied from 34% to 100% across the studies, reflecting heterogeneity of their study populations and methodologies. Excluding MVC and bone pathology as fracture etiologies produced abuse prevalence rates of 67% to 100% in children younger than 24 months and 91% in children younger than 12 months, demonstrating the high prevalence of abuse in young children with rib fractures. Our estimates of the abuse prevalence for young children presenting with rib fractures are consistent with the 66% abuse prevalence for children 0 to 48 months old with rib fractures reported in the 2013 systematic review by Kemp and colleagues, although the inclusion criteria differ slightly. 38, 39 Despite the widely reported specificity of posterior rib fractures for abuse, we did not find evidence supporting an increased likelihood of abuse in children with posterior rib fractures as compared to rib fractures in other locations, possibly because of the small sample sizes and low power of studies examining this association. In fact, our review did not identify any recent studies supporting an association between a specific rib fracture location and likelihood of abuse. On the basis of their systematic review, Kemp et al reported an increased likelihood of abuse in anterior rib fractures and decreased likelihood of abuse in lateral rib fractures, but a variable association of posterior rib fractures with the likelihood of abuse in 3 studies reviewed for their publication. [3] [4] [5] 38 We did not include 2 of the 3 studies cited by Kemp et al in our formal analysis of the association of rib fracture location with the likelihood of abuse, because the data presented in these 2 studies did not meet our study criteria. One study included children up to age 15 years in their analysis of rib fracture location. 5 Both studies presented data for the number of rib fractures in each location and not the number of children with rib fractures in each location. 4, 5 As stated earlier, this method is problematic because abused children with multiple rib fractures in a specific location may inflate the association between fractures in that location and abuse. A 2012 case series study describing 3 abused infants with first rib fractures discovered on imaging recommends that clinicians suspect child abuse in infants with first rib fractures. 40 Although our review did not identify sufficient data to demonstrate a higher specificity of abuse for a fracture of the first rib compared to a fracture of other ribs, the high prevalence of abuse in infants with rib fractures should be enough to cause the clinician to suspect abuse.
Although rib fracture location was not identified as a predictor of abuse in our review, the presence of bilateral rib fractures was shown to be associated with abuse. This association, however, was noted in only one study by Darling et al 34 and will need to be confirmed. Additionally, Darling et al 34 found that healing rib fractures were identified exclusively in abused children. Rib fractures in multiple stages of healing were also only identified in the abused group, but this association did not reach statistical significance, possibly due to the small sample size.
34 Surprisingly, Darling et al 34 did not find an association between rib fractures with intracranial injury and abuse, and Cadzow and Armstrong 4 did not find an association between rib fractures with additional injuries and abuse. Further examination shows, however, that most accidental rib fractures in these studies were due to high velocity, significant trauma such as MVCs and falls from significant heights. These are mechanisms that can result in multisystem trauma and are unlikely to be confused with child abuse.
This review has several limitations. First, the included studies were retrospective and, as a result, subjects were not clinically evaluated in a consistent manner (eg, various numbers of radiographs were used), possibly contributing to detection bias. Second, the inclusion and exclusion criteria and ascertainment methods varied across studies. For example, the study by LucasHerald and colleagues 33 included only infants born at less than 37 weeks gestation with rib fractures, whereas the study by Strouse and Owings 30 included all children younger than 48 months with rib fractures. Third, there was variability in the method of assessing for child abuse across studies, evidenced by lower rates of abusive injury in studies with stricter criteria for determining abuse. An example of this situation is in the study by Bulloch and colleagues 3 : when cases of likely or probable abuse were excluded, the abuse prevalence decreased from 82.1% to 66.7%. Fourth, most studies had small sample sizes, limiting their statistical power to detect differences in characteristics between abusive rib fractures and accidental rib fractures. Moreover, although it would be helpful to know whether the prevalence of abuse changes for young children with 1 or 2 rib fractures compared to those with more than 2 rib fractures, this information is not available in the current literature. Lastly, there is risk for circular reasoning in retrospectively identifying factors associated with the likelihood of abuse, if those same factors influenced the decision to diagnose abuse. It is widely accepted that rib fractures in young children are highly suspicious for abuse, and this may influence a clinician's decision to diagnose abuse when the cause of injury was not independently witnessed.
This review highlights the need for prospective studies in determining the prevalence of abuse among young children with rib fractures and the characteristics of rib fractures that are associated with abuse. In such studies, there should be standardized selection of cases, uniform clinical evaluation of cases, comprehensive data collection, and rigorous methods for determining abuse. In absence of a gold standard, abuse determination methods should include use of specific case-based criteria as well as abuse confirmed by Child Protective Services or court proceedings. In addition, studies need to include enough subjects to have sufficient power to detect differences in demographic and/or clinical characteristics between cases of abusive rib fractures and cases of nonabusive rib fractures. Finally, inclusion of oblique radiographs and follow-up skeletal surveys may increase the sensitivity of detecting rib fractures during clinical evaluation. [41] [42] [43] 
